Linear and nonlinear Finite Element (FE) analyses and experimental work on local buckling of un-stiffened, fully stiffened and partially stiffened full scale pultruded GRP profiles under uniform axial compression are presented. An investigation on improving the buckling capacity of I-section pultruded profile by bonding high modulus unidirectional CFRP strips to the top and bottom surface of the flanges along their free edges is carried out. The experimental buckling load for short columns with clamped ends (CC) have been evaluated using Southwell plots of deflection and bending strain test data. The experimental buckling loads have been also evaluated using the load versus endshortening graphs. The predicted buckling loads obtained from FE analyses are compared with the experimental results and good agreement has been achieved. It has been shown that, the use of stiffeners generally produces a significant increase in the local buckling load and a significant shift in the buckling mode.
Introduction
In recent years, the use of fibre-reinforced plastic (FRP) in civil engineering applications has increased dramatically. The increase in use may be attributed to their advantageous properties compared to conventional construction materials, eg. high specific strength and stiffness, low unit mass, high corrosion resistance and low thermal conductivity [1] . However, the first of these advantageous characteristics makes FRPs more susceptible to instability failure modes than conventional steel or aluminium structural components [2] . Consequently, the buckling behaviour of pultruded GRP profiles has been the subject of intensive research, especially over the past decade. A large number of analytical and experimental investigations of the buckling behaviour of open and closed-section pultruded GRP profiles subject to uniform uni-axial compression have been completed [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and several design formulae have been proposed for predicting their buckling loads [15] [16] [17] .
The buckling loads of pultruded GRP columns are limited by the low stiffness of the GRP material. One way of increasing the loads is to stiffen the profiles. This may be achieved in a variety of ways. For example, some of the GRP rovings could be substituted with CFRP rovings to produce a hybrid fibre pultruded profile. Whilst this is simple to achieve, it has the disadvantage that the stiffness is enhanced uniformly over the entire length of the profile and this may not be efficient from a structural performance standpoint [18] . An alternative approach is to bond stiffening material to the GRP profile. In the case of an I or H-section profile, for example, the flange edges could be stiffened by bonding on CFRP strips over whole or part of their lengths [19] . As far as the authors' are aware this latter approach has not been investigated for pultruded GRP profiles and this has provided the motivation for the present investigation. Thus, the aim of this work is to enhance the buckling capacity of pultruded GRP short column with CFRP strips.
Finite Element Models
The FEA of unstiffened, partially stiffened and fully stiffened GRP columns were performed using the ANSYS software [22] to predict the buckling loads and mode shapes. The FE model of fully stiffened columns has been developed by dividing the flange of the column into two different areas one is the stiffened area and the other is the unstiffened area, as shown in Figure 1 . The difference between the two areas is in the element properties. SHELL91 elements are used for both areas. For the stiffened area, the element layers are defined as having different thicknesses and materials whereas for the unstiffened area, elements have one thickness equal to the flange or web thickness of the I-section and one material. Each column was meshed uniformly. This element has eight nodes, each with six degrees of freedom. The element accounts for shear deformation effects and is also suitable for modelling laminated anisotropic materials. Hence, the strip stiffeners were treated as distinct lamina within the element. It should be appreciated, however, that the adhesive was ignored in the FE analysis. The element nodes were located on the mid-plane of the web and the inner of the flanges for unstiffened and stiffened columns in order to avoid the duplication of the cross-sectional area at the web and flange junctions.
The material properties used in the FE column models are listed in Table 1 . These properties were derived from coupons tests for GRP and CFRP. However, the elastic transverse and in-plane shear moduli values were assumed as it was very difficult to test the CFRP strips neither in transverse direction nor the shear test. The FE buckling analysis starts with typical static loading to evaluate the stiffness matrix and then Eigen value problem were solved in ANSYS to evaluate the linear buckling load and the corresponding mode shapes in which imperfection of the column was neglected. The nonlinear FE analysis has been carried out to evaluate the buckling loads of the tested columns. In the FE analysis it was assumed that the column has an initial geometrical imperfection. The initial imperfections of the columns to be tested could have been measured, as suggested by many authors [23 and 24] . However, it is not possible to use the experimental initial imperfection data directly in the ANSYS FE software. Therefore, the initial imperfection used in the analysis was obtained from the linear
Single layer elements buckling analysis. The shape of the geometrical imperfection was the same as the mode shape obtained from the linear buckling analysis and its amplitude was set to a small value to reflect the value which might exist due to manufacturing errors. It was found that the value of the nonlinear buckling load was very sensitive to the magnitude of initial imperfection. Many attempts were made to choose the optimum value. For the present nonlinear FE buckling analyses it was set to 0.002 of the amplitude of the mode shape of the buckled column obtained from the corresponding linear buckling analysis. This value, in conjunction with the number of iterations must be adjusted to obtain convergence of the nonlinear solution. The number of iterations was set to 100 for each time step in the Newton-Raphson or the Arc-length method used in the analysis. With the NewtonRaphson method converged solutions were obtained for unstiffened columns, but much longer processing times were required for stiffened columns. The Arc-length method was found to be suitable for both stiffened and unstiffened columns and converged solutions were obtained easily once suitable control parameters had been selected.
The linear buckling loads and mode shapes were obtained for the tested columns and then used to conduct the nonlinear analysis. The values of the buckling loads needed to be compared with the experimental buckling loads are those obtained from the nonlinear analysis. The value of the nonlinear buckling load can be obtained from the load-lateral deflection curves and/or the load-end shortening curves obtained from the nonlinear analysis. See Figure 3 . Southwell method [25] has been employed to obtain the nonlinear buckling load from load-lateral deflection curve whilst the buckling load can be also obtained from the load-end-shortening curve at the point where the slope of the curve changes as shown in Figure 3b . 
Experimental Work
All of the columns tested were 4 inch (102 x 102 x 6.35) mm GRP EXTREN 500 series [20] I-profiles (I4). The columns were divided into two groups: unstiffened columns (U) and stiffened columns (S). In the latter group, the stiffeners were bonded along the edges (E) of the flanges on both faces, i.e 8 stiffeners were used per column; thus the part of the code for the edge stiffened columns was (SE8). To evaluate accurately the load at which a column begins to buckle, it must be instrumented with sensors to record deformations during loading. The sensors must be placed at positions on the column where large and readable deformations occur. The buckling load can be evaluated using various test data such as end-shortening, lateral deflection and bending strain [10, 13, and 21 ]. In the current work the columns were instrumented with axial and lateral displacement transducers and strain gauges, located where the maximum deflections are expected. To determine these location a preliminary FE analyses were carried out for each column. Table 3 shows the locations of the strain gauges and displacement transducers on each column. 
Description of Instruments
Location of Instrumentation and buckled mode shape I4U-600 6 strain gauges were used, G1, G2 back to back and G3, G4 back to back on the flanges. G5, G6 back to back at the centre of the web. All gauges were at the mid-height of the column. Two lateral deflection transducers T1, T2 were placed 10 mm in from the edge of the flanges in opposite directions at the mid-height of the column.
I4SE8F-600
8 strain gauges were used, G1, G2 back to back and G3, G4 back to back on the flanges 180 mm from the top and bottom of the column.G5, G6 and G7, G8 back to back were 180 mm from the column ends on the web. Two lateral deflection transducers T1, T2 were placed 10 mm in from the edge of the flanges in opposite directions 180 mm from the bottom of the column. Test data were recorded using the Strain Smart system which allows simultaneous recording of load and sensors data. Figure 4 shows experimental data in the form of lateral deflection, end-shortening and strains of the web for different columns. 
Results and Discussions
An average value of the buckling load was calculated from the values obtained from the test data. These average values are used in the comparisons between FE predicted and experimental buckling loads. Figure 6 shows the buckling loads obtained from the Southwell plots (load-lateral deflection and bending strains) and from the load end shortening curves. Buckling loads were evaluated using different types of test data as indicated earlier. The buckling loads derived from the end-shortening data and those obtained from the Southwell plots of the lateral deflection, web bending strain and flange bending strain data are denoted as u P , Table 4 . In some cases, test data could not be used to evaluate the buckling load, due to the scatter in the data. These are indicated by (-) in Table 4 . Table 5 . The following observations have been noted for the tested columns and the obtained results:
1. Significant improving of the buckling loads was obtained by bonding strips of CFRP on the flanges of the columns. In some cases (Fully stiffened) the FE buckling load has been increased to approximately 100% of the unstiffened value, The experimental ratio was about 30% this was due to the debonding of the strips and failure of the adhesive material. 2. The predicted FE buckling modes match those observed in the tests. 3. The CFRP stiffeners tended to deboned from the column flanges at loads ranging between 240-280 kN. 4. Local buckling modes observed in some column tests differed from those predicted by the FE analysis. The difference in the number of half -waves buckles was attributed to stiffeners debonding which changed the stiffness of the column flanges during the column tests 5. For the unstiffened short column I4U-600, the effect of the end conditions on the buckling load obtained experimentally was negligible, whereas the predicted FE buckling loads differ by 2.15%. 6. The predicted nonlinear FE buckling loads were higher than the experimental buckling load for approximately 60% of the columns.
7. FE predictions of the buckling loads of columns with high stiffening ratios were significantly higher than the experimental buckling loads. This could be due to the assumption in the FE analysis of perfect bonding of the stiffeners to the column flanges, and to debonding of the stiffeners at high load. 
Conclusions:
In the current work, linear and nonlinear FE analysis has been conducted to investigate the buckling load enhancement using strip stiffeners on the flanges of pultruded I-shaped GRP columns. Southwell plots were used to evaluate buckling loads from nonlinear FE load -deflection curves and from the experimental load -deflection and load -bending strain curves of the web and flanges of the column. Load -end-shortening curves were also used to determine the buckling load. A local buckling mode with different numbers of half-waves (m) occurred in stiffened and unstiffened 600 mm columns. The buckling modes predicted by the FE simulations of the column tests were the same for most of the columns tested. However, some differences in the number of half -waves were observed in the 600 mm stiffened columns which were due to the debonding of the stiffeners which was assumed perfect bonding in the FE analysis. Buckling loads obtained from the experimental load -end-shortening curves were slightly lower than those obtained from Southwell plots for the majority of the columns tested. The same results trend was observed with the nonlinear FE buckling results. The average buckling loads obtained experimentally were lower than the average nonlinear FE buckling loads for short columns.
